Crystals of cadmium-substituted azurin have been prepared by diffusing Cd ~ into crystals of apo-azurin grown previously and their structure has been determined at high resolution by X-ray crystallography. Data to 1.8 A resolution were collected by Weissenberg photography (with image plates) using synchrotron radiation. These data were combined with a 2.2 A diffractometer data set to give 90% coverage to 1.8/k. An initial model was derived from the isomorphous Cu~Lazurin structure, and the cadmium and ligand positions added from 'omit' maps. Refinement was by restrained least squares (program PROLSQ), to a final R value of 0.168 for all data in the range 10.0-1.8A (23349 reflections). The final model of 1954 protein atoms, two Cd I~ ions (occupancy 0.75), four SO4 ions and 239 water molecules has r.m.s, deviations of 0.015, 0.045 and 0.013/k from standard bond lengths, angle distances and planar groups. The protein structure is essentially the same as that of Cu~Lazurin, with an r.m.s. deviation of 0.18 A, for 97% of main-chain atoms after superposition of the two structures. The Cd atom is within 0.2 A of the equivalent copper position, displaced slightly away from the axial Met ligand towards the carbonyl O atom of Gly45. The latter has also moved slightly towards the metal, by a rotation of the peptide unit, to give a Cd--O bond of 2.76A. The Cd--S(Cys) bond is lengthened to 2.39 A. The coordination geometry is slightly more tetrahedral than for Cu ~, and the cadmium-oxygen interaction is consistent with the presence of an oxygen ligand in the coordination sphere of stellacyanin.
Introduction
Metal substitution has traditionally provided a powerful means of investigating the structural and electronic states of metal sites in proteins. A classic example is the substitution of ions such as Co I~ for the spectroscopically silent Zn xl ions of zinc enzymes (Vallee & Williams, 1968 ) and zinc proteins (Roy, Brader, Lee, Kaarsholm, Hansen & Dunn, 1989) . The approach has also been used to great advantage for metalloproteins whose spectroscopic properties were sufficiently unusual that few or no model complexes were available for comparison.
The blue-copper proteins include a group of low molecular weight, single-copper, electron-transfer proteins collectively known as cupredoxins (Adman, 1991) . The best characterized of these are plastocyanin (M,.= 10 kDa), from plants, and azurin (Mr -14.6 kDa), from denitrifying bacteria, but many others have also been investigated (for reviews see Gray & Solomon, 1981 Adman, 1985 . These proteins have highly distinctive visible and EPR spectra and a low-symmetry metal site. Substitution of Co u for the native Cu I~ gave some of the strongest early evidence for Cu-cysteinate coordination (McMillin, Rosenberg & Gray, 1974) , and metal substitution studies have also employed species such as Mn H, Ni ~!, Hg ~ and Cd II. Extrapolation from the metal-substituted protein to the native protein, however, relies on assumptions that the different metal ions occupy the same, or very similar, positions. We have undertaken the present study to explore this question.
The copper site in azurin is best described as trigonal planar or trigonal bipyramidal, with strong bonds of 2.0-2.1 /k to two His residues (46 and 117) and one Cys (112), and longer axial approaches to the copper of 3.0--3.1 A from a peptide carbonyl O atom (from Gly45) and the thioether S atom of Met l21 (see Fig. 1 ). These details have been established by high-resolution crystallographic studies of two azurins, from Alcaligenes denitrificans (Baker, 1988) and Pseudomonas aeruginosa (Nat, Messerschmidt, Huber, van de Kamp & Canters, 1991) . Crystal structure analyses of the two apo-azurins further show that the ligand arrangement is stable even in the absence of the bound metal Shepard, Kingston, Anderson & Baker, 1993) .
Cadmium(II) substitution is of interest because of the use of ~3Cd NMR spectroscopy as a probe of the metal sites of azurin, plastocyanin and stellacyanin 264 CADMIUM-AZURIN (Engeseth, McMillin & Otvos, 1984) . This showed that the spectra of stellacyanin, the threedimensional structure of which has not been experimentally determined, and azurin were very similar, but that of plastocyanin was rather different. Substitution of I llCd has also been used for studies employing perturbed angular correlation of y-rays (PAC) spectroscopy (Andersson, Bauer & Demeter, 1982) . We have, therefore, prepared crystals of cadmium-substituted azurin, from Alcaligenes denitr~'cans, and carried out a high-resolution crystallographic analysis. This shows the details of the cadmium coordination, and the way in which the protein structure responds to incorporation of a non-native metal. It also allows comparison with zinc-azurin, from Pseudomonas aeruginosa, the only other metal-substituted azurin to have been analysed crystallographically (Nar, Huber, Messerschmidt, Fillipou, Barth, Jaquinod, van de Kamp & Canters, 1992) .
Experimental

Crystal data
Azurin was extracted and purified from Alcaligenes denitrificans (NCTC 8582) as previously described (Norris, Anderson, Baker & Rumball, 1979) and crystals of the apo-protein were prepared by vapour diffusion, from solutions of apo-azurin (Shepard, Kingston, Anderson & Baker, 1993) . These were then soaked in standard mother liquor (0.1 M potassium phosphate buffer, pH 6.0, 75% saturated with ammonium sulfate) containing 0.1 M cadmium nitrate, for 3 d. The cadmium-substituted crystals were isomorphous with both apo-azurin and holo-azurin crystals, having space group C222R, with two molecules in the 
Data collection
Two X-ray data sets were collected. First a 2.2 diffractometer data set was collected, using an Enraf-Nonius CAD-4 diffractometer equipped with a helium-filled diffracted-beam path. With the use of rapid data-collection techniques, including a limitedstep o~-scan (Hanson, Watenpaugh, Sieker & Jensen, 1979) , profile fitting and background averaging (Baker, 1988) , the complete data set to 2.2 A resolution (O = 20.5 ~) was obtained from one cadmiumazurin crystal. Data were corrected for radiation damage (intensity fall-off 17% over 3 d, estimated from five standard reflections monitored every 2 h), and absorption (North, Phillips & Mathews, 1968) . The 13 487 measured reflections represented approximately 98% of the possible data to 2.2 A resolution. Of these 85% had intensities I > 2o-~.
A second set of cadmium-azurin data, to 1.8 A resolution, was collected by screenless Weissenberg photography using the Weissenberg camera equipped with imaging plates developed by Dr N. Sakabe at the Photon Factory synchrotron radiation source, Tsukuba, Japan (Sakabe, 1991) . Data were collected from one cadmium-azurin crystal, mounted first about its c axis and then about a. In each case a rotation range exceeding 90 °, and including both non-rotation axes, was covered; each image covered a rotation of 14 °, with an overlap of 0.5 ° between successive images, giving a total range of 108.5 ° for eight exposures. The exposure time for the recording of each image was approximately 2 min, giving a total exposure in the X-ray beam of 16 min for each of the two axial rotations. With a camera radius of 430 mm and X-ray wavelength of 1.0 A, the resolution limit was 1.8 A. Diffraction images were processed with the program WEIS (Higashi, 1989) .
From a total of 108 765 measured reflections to 1.8 A resolution, 22591 unique reflections were obtained with a merging R value (R = Y.II-~/ED of 0.060.
Finally, the diffractometer and synchrotron data sets were scaled and merged to give an overall data set of 23366 reflections to 1.8 A resolution, representing 93% coverage of possible data. Of these 90% had intensities I > 2o-~ (74% with I > 2ot in the highest resolution shell, 1.8-1.9 A). The merging R value for the diffractometer and synchrotron data sets was 0.062.
Refinemen t
The starting model for refinement was taken from the isomorphous Cun-azurin structure (Baker, 1988) , but with the removal of the metal ion and potential ligands (the side chains of His46, His 117, Cys 112 and Met l21, and the carbonyl O atom of Gly45) from both molecules of the asymmetric unit, and all solvent molecules and ions. Refinement was by restrained least squares, using the fast Fourier version of the program PROLSQ (Hendrickson & Konnert, 1980) . Parameters which were restrained included bond lengths, inter-bond angle distances, planar groups, non-bonded contact distances, chiral volumes and B factors. No restraints were placed on the cadmium bond lengths and angles, however, and no non-crystallographic symmetry restraints were imposed on the two crystallographically independent molecules in the asymmetric unit. The refinement strategy was essentially as described for the structure analysis of apo-azurin (Shepard, Kingston, Anderson & Baker, 1993) , with periodic loosening and tightening of restraints and rebuilding from E,-F~, 21=o -Fc and 'omit' maps, using the interactive graphics program FRODO (Jones, 1978) .
Initial refinement was based on the 2.2 A diffractometer data set, using all data in the resolution range 5.0-2.2 A. The Cd atoms and their ligands were built into the model after the initial round of refinement when the R value was 0.23. The cadmium occupancy was estimated as 0.8 from comparison of the density at each metal site with that of the tightly bound water molecule attached to His117 N~.2 in each molecule; this had proved a good guide to the level of residual copper density in the apo-azurin structure (Shepard, Kingston, Anderson & Baker, 1993) . The occupancies were revised downwards slightly to 0.75 in each site during refinement.
When the higher resolution synchrotron data set became available, the combined (diffractometer + synchrotron) data set was used to complete the refinement. Data in the resolution range 5.0-1.8 A, were used initially, with this being extended to 8.0-1.8 and then 10.0-1.8 A as the solvent model was added. No o cut-off of the data was used. Solvent molecules were added to the model where peaks in E, -F,. maps were greater than three times the r.m.s. deviation of the map, occupied stereochemically reasonable positions (i.e. were within hydrogenbonding distance of other hydrogen-bonding groups) and were not close to protein groups whose conformations were in any doubt. All were regarded as water molecules, except for four which were recognized as SO42-ions from the size and shape of their electron-density peaks and from their environments; SO42-ions were found in the same sites in the apo-azurin structure (Shepard, Kingston, Anderson & Baker, 1993) . Protein groups and solvent molecules with high B factors (> 50 A, 2) were omitted from the model on several occasions for rebuilding or checking in "omit' maps. (1 2) Some details of the refinement are given in Table  1 . The final model comprised 1954 protein atoms (from two azurin molecules), two Cd 2+ ions, four SO42 ions and 239 water molecules. The protein structure was restrained close to standard geometry, with r.m.s, deviations from standard bond lengths, angle distances and planar groups of 0.015, 0.045 and 0.013 A, respectively. The final crystallographic R value was 0.168 for all data in the range 10.0-1.8 A, (23349 reflections). The atomic coordinates and structure factors have been deposited in the Brookhaven Protein Data Bank.*
Results
The quality of the final model has been estimated from the agreement with the observed X-ray data, from comparisons of the two independently refined molecules of the asymmetric unit, and from comparisons with other protein structures refined at a similar resolution. A plot of the R value as a function of * Atomic coordinates and structure factors have been deposited with the Protein Data Bank, Brookhaven National Laboratory (Reference: IAIZ, R1AIZSF). Free copies may be obtained through The Technical Editor, International Union of Crystallography, 5 Abbey Square, Chester CH1 2HU, England (Supplementary Publication No. SUP 37012). A list of deposited data is given at the end of this issue. resolution (Luzzati, 1952) ~gives an estimated average coordinate error of 0.15 A, while a era plot (Read, 1986" gives a similar, though slightly higher, value of 0.24 A. These are shown in Fig. 2 . The Fit of the model to the electron density has been quantified by calculating real-space correlation coefficients, using programs from the CCP4 protein crystallography suite (SERC Daresbury Laboratory, 1986) . For main-chain atoms, 75% of residues have correlation coefficients greater than 0.8, and only five residues out of 258 have values less than 0.5. For side chains 70% have correlation coefficients greater than 0.7 and 20 side chains out of 234 have values less than 0.5. The most poorly defined residues are identified by their high B factors and are the same in both molecules. As in other forms of Alcaligenes denitrificans azurin they include the N-and C-terminal residues, 1-2 and 128-129, the loop 104-107, and a number of surface side chains (those with B > 50/~2 are Glu4, Glnl4, Lysl8, Glul9, Lys27, Gln28, Lys52, Glu53, Gln57, Lys74, Thr78, Lys85, Asp98, Lys 101 and Lys 126).
A Ramachandran plot of the (~0,$) values of both molecules is shown in Fig. 3 . All residues are within the allowed regions, with 92% being within the most favoured regions identified by Morris, MacArthur, Hutchinson & Thornton (1992) .
Comparisons of the two molecules of the asymmetric unit give a further check on the accuracy of the model, although they do experience very slightly different crystal environments, which undoubtedly leads to some genuine microheterogeneity (Baker, 1988; Shepard, Kingston, Anderson & Baker, 1993) . Main-chain atoms for residues 3-127 (500 atoms) can be superimposed with an r.m.s, deviation of 0.27 A, while atoms of the cadmium site and its immediate surrounds (all atoms of residues 10-12, 15, 35, 44-47, 112-117 (Read, 1986) .
r.m.s, deviation of 0.15/~. The cadmium-ligand bond distances in the two sites have an r.m.s. difference of 0.07 A (deviations of up to 0.05 A from their mean values -see Table 2 ). The likely error in these bond lengths can be taken as 0.05-0.1 A. In other respects, including the main-chain torsion angles ~0 and ~b, and the distribution of B factors along the polypeptide chain, the two molecules also correspond very closely; the agreement is essentially as presented in the detailed analyses of CuII-azurin (Baker, 1988) and apo-azurin (Shepard, Kingston, Anderson & Baker, 1993 ). The metal site shows very little disturbance from that of the native CuII protein. A difference electrondensity map calculated with coefficients IFfdAzl-IFcuAzl and phases acuAz was essentially featureless apart from a large positive peak at the cadmium position, representing the greater electron density of the heavier atom, and a small peak adjacent to the carbonyl O atom of Gly45, representing a movement of this atom towards the cadmium (Fig. 4) .
The electron density for the cadmium site in the final 2Fo -Fc map is shown in Fig. 5 . Analysis of the metal geometry in terms of bond lengths and bond angles ( Table 2) shows that it is slightly more tetrahedral than that of CuILazurin (Baker, 1988) . When compared with the latter, the Cd atom has moved away from the axial S(Met) ligand towards the other axial group, the carbonyl O atom of Gly45. The extent of this movement places the cadmium slightly (Ramachandran & Sasisekharan, 1968) for the two independent molecules of Cd-azurin, with glycine residues shown as triangles and all other residues as squares. Plot produced with PROCHECK (Morris, MacArthur, Hutchinson & Thornton, 1992) . (121) 3.23 ( The greatest change in the latter is the 0.24/~ increase in the M--S(Cys) distance. These movements can be seen in Fig. 6 , where the two structures are superimposed. The rest of the protein structure is hardly altered from the Cu II-and apo-azurin structures. The ligand side chains make the same hydrogen bonds (His46 Nd"O(10) 2.58A; Hisll7 Nd.-OW(170) 2.69A; Cys112 S~..-N(47) 3.45A; Cys112 Sr...N(114) 3.45 A) but all are shortened slightly to allow the expansion of the metal site. The radius of the cavity between the equatorial ligands, His46 Na~, Hisll7 N61 and Cysll2 S~, is expanded from 1.16/k in apo-azurin and 1.24 A in Cun-azurin to 1.35 A in Cdn-azurin. There appears to be a small associated movement of the loop between Cys112 and His117 (especially Phe114 and Pro 115), which can be seen in Fig. 6 . The size of the movement is only marginally significantly (r.m.s. deviation 0.15 A for the mainchain atoms of this loop) but the fact that the same phenomenon is seen for both molecules suggests that it may be a real effect. In general, however, superposition of the polypeptide chain shows very close correspondence throughout the molecule. Taking all main-chain atoms (N, C~, C, O) but omitting the poorly ordered N-and C-terminal residues 1-2 and 128-129 gives an r.m.s, deviation of 0.13/k between Cd n and Cu ~ structures and 0.14/k between Cd n and apo structures.
Solvent molecules in the cadmium-azurin crystal structure were located independently of those found for the Cu n and apo-azurin structures. Comparison of the three solvent models showed that 140 water molecules (60%) were common to all three using a cut-off of 1.0/~ for equivalence.
Discussion
The structure of cadmium-azurin seen in the present study extends the picture of the blue-copper site that has been developed through comparative highresolution crystallographic studies of both azurin and plastocyanin. Removal of copper from either protein leaves the binding site essentially unchanged (Garrett, Clingeleffer, Guss, Rogers & Freeman, 1984; Shepard, Kingston, Anderson & Baker, 1993) , although in both cases an alternative configuration of one of the His ligands (His ll7 in azurin) is accessible to permit metal removal or insertion (Garrett, Clingeleffer, Guss, Rogers & Freeman, 1984; . The implication is that the binding site is primarily determined by the constraints of the protein structure. This has functional advantages in allowing redox changes to occur with minimal structural change (Shepard, Anderson, Lewandoski, Norris & Baker, 1990) .
The present study, however, together with a similar analysis of zinc-substituted azurin (Nar, Huber, Messerschmidt, Fillipou, Barth, Jaquinod, van de Kamp & Canters, 1992) shows that a limited flexibility does exist when a non-native metal is substituted. Thus in Zn~l-azurin the metal atom is displaced substantially towards the carbonyl O atom of Gly45, which in turn moves towards the zinc through a twist of the Gly45-His46 peptide; the result is a much shorter M---O bond (2.32/~ for Zn, compared with 2.96/k for Cu in P. aeruginosa azurin), and a much more tetrahedral geometry.
A similar effect is seen in cadmium-azurin (this work), though much less pronounced. The movements of the metal and Gly45 O are of a similar nature but the resulting M--O distance is longer, at 2.76/~ (although still substantially shorter than the Cu--O distance of 3.13 A in A. denitrificans azurin). The lesser movement may be attributable to the larger size of Cd n compared with Zn n (which allows a significant Cd--O interaction with a longer bond) or to different coordination preferences. The larger metal in turn is accommodated by the protein structure with little disturbance because the longer bonds to the equatorial His and Cys ligands are taken up through shorter hydrogen bonds with the surrounding protein structure.
The 2.2--2.3 A (Greaney, Raston & White, 1975) . The movement of the Cd atom away from both sulfur donors, with the second largest change being the movement of 0.24 A away from Cys 112, is consistent with a preference of Cd H for oxygen and nitrogen ligands rather than sulfur. Changes in the metal site on metal substitution appear more pronounced for azurin than for plastocyanin. In Hgn-substituted plastocyanin, for example, the metal geometry stays essentially the same, while all of the metal-ligand bond distances are increased slightly (Church, Guss, Potter & Freeman, 1986) . One major difference between the metal environments of plastocyanin and azurin is the much closer approach of the carbonyl O atom of Gly45 to the coordination sphere; the equivalent O atom in CuII-plastocyanin is 0.7 A further away from the metal than in Cun-azurin. Part of this difference (0.2 A) is attributable to the greater displacement of copper from the NES plane in plastocyanin than in azurin (Baker, 1988) The structural observations made here explain the difference in the 113Cd NMR spectra of azurin and plastocyanin following metal substitution (Engeseth, McMillin & Otvos, 1984) . In azurin the metal interacts with an oxygen ligand, while in plastocyanin it does not. The similar ll3Cd NMR spectra found for azurin and stellacyanin (Engeseth, McMillin & Otvos, 1984) , when taken with the observation of a Cd--O bond in cadmium-azurin, further support suggestions that an oxygen ligand is present in the coordination sphere of stellacyanin. Whether this is the amide O atom of a Gln side chain, as suggested from model-building experiments (Fields, Guss & Freeman, 1991) , or a carbonyl O atom analogous to that of Gly45, cannot be ascertained from the present data. A coordinated peptide oxygen could account for the pulsed electron nuclear double resonance (ENDOR) results obtained for stellacyanin (Thomann, Bernardo, Baldwin, Lowery & Solomon, 1991) if a peptide 'flip' occurs at high pH, as proposed.
Finally, we note that significant changes to the metal geometry also occur when different amino acids are substituted for the native ligands (Romero, Hoitink, Nar, Huber, Messerschmidt & Canters, 1993) . It can be concluded that the protein structure is designed to provide a particular geometry for the native metal with the native ligands, and that these are optimized for biological function; changes to either metal or ligands can change this delicate relationship.
